Acute acidosis that results from short-term exercise is involved in delayed gastric emptying in rats and the lower responsiveness of gastric fundus strips to carbachol. Does extracellular acidosis decrease responsiveness to carbachol in tissues of sedentary rats? How? r What is the main finding and its importance? Extracellular acidosis inhibits cholinergic signalling in the rat gastric fundus by selectively influencing the G q/11 protein signalling pathway.
Introduction
Motility is one of the pillars of gut physiology. The transit of food along the gastrointestinal tract should be finely tuned with the absorption profile of each gastrointestinal segment (Greenwood-Van Meerveld et al. 2017) . The contractile behaviour of gut smooth muscle cells ultimately determines the transit of contents, and such factors as acidosis may alter gut motor patterns (Tournadre et al. 2000) . Acidosis may be involved in gut motility disturbances that are seen in patients with diabetes mellitus or chronic renal failure (Scarpello & Sladen, 1978; Hirata et al. 2007; Salles Junior et al. 2013) . Anorexia, nausea, vomiting, gastric dysrhythmias and delayed gastric emptying are common symptoms in patients with diabetic ketoacidosis and uraemia, although the aetiology of these complaints is complex (Scarpello & Sladen, 1978; Ravelli, 1995) . Prokinetic therapy to enhance bowel motility can improve gut complaints and metabolic stability in patients with acidosis (Prasad et al. 2004; Salles Junior et al. 2013) .
In experimental conditions, Tournadre et al. (2000) found that acidosis increased fundic tone, altered pyloric contractions and turned antral activity arrhythmic in the pig stomach. In isolated strips of the opossum stomach, the changes that were produced by acidosis included an increase in baseline tension and a smaller amplitude and frequency of spontaneous contractions (Schulze-Delrieu & Lepsien, 1982) . In gallbladder strips that were isolated from guinea-pigs, acidosis did not influence contractions that were induced by histamine or KCl but significantly inhibited Ca 2+ -induced contractions that were elicited by a protein kinase C activator (Kataoka et al. 2001) . Notably, reversible inhibitory effects on contractility were reported in other smooth muscle cells besides the gut (Tobian et al. 1959; Achike et al. 1997; Saenz de Tejada et al. 1997; Faisy et al. 2007) . Nevertheless, the mechanisms that are responsible for such actions have not been elucidated. They generally appear to involve intraand extracellular pathways that regulate cytosolic Ca 2+ homeostasis (Rinaldi et al. 1987) .
In physiological conditions, acute acidosis can also alter gastrointestinal motility. We found evidence that high-intensity exercise (i.e. swimming against weight overload) delayed the gastric emptying of a liquid test meal in rats, and this effect was prevented by NaHCO 3 treatment and positively correlated with the development of acidaemia and blood lactate accumulation (Silva et al. 2014) . Interestingly, strips that were isolated from the stomach fundus in exercised rats but not from the small intestine exhibited lower responsiveness to the cholinergic agonist carbachol (Silva et al. 2014) . Thus, a reasonable hypothesis is that extracellular acidosis in strips of gastric fundus may be involved in the inhibitory effects of acute exercise on contractile responses that are evoked by a cholinergic agonist. The present study tested this hypothesis. Ca 2+ handling is known to be involved in regulating the rate of gastric emptying. Therefore, we also used a pharmacological approach to evaluate the ways in which acidosis interferes with signalling pathways that are related to Ca 2+ handling in gastric smooth muscle cells.
Methods

Ethical approval
All the experimental procedures complied with the policies and regulations of Experimental Physiology. All the animals were handled in accordance with the Ethical Principles for Care and Use of Laboratory Animals of the Brazilian National Council for Animal Experimentation (RN12/2013). The study received approval from the ethics committee of the Federal University of Ceara, Fortaleza, Brazil (CEUA no. 65/14).
Animals
Male Wistar rats (230-280 g) were obtained from our institutional vivarium at the Federal University of Ceara. They were maintained in conditions of stable temperature (22 ± 2°C) and a 12 h-12 h light-dark cycle with ad libitum access to food and water.
Gastrointestinal tissues
To obtain isolated experimental tissues, the rats were initially anaesthetized with tribromoethanol (250 mg kg −1 , I.P.; Sigma-Aldrich, Milwaukee, WI, USA) and killed by exsanguination as an adjunctive method. Afterwards, the stomach and duodenum were isolated by laparotomy. The stomach was opened via the lesser curvature, and 1-cm-long strips were cut from the fundic region. The duodenum was cut into 1-cm-long cylindrical segments. The experimental tissues were maintained in physiological solution (modified Tyrode solution (mM): 136.0 NaCl, 5.0 KCl, 0.98 MgCl 2 , 0.36 NaH 2 PO 4 , 11.9 NaHCO 3 , 2.0 CaCl 2 and 5.5 glucose) at room temperature and rapidly transferred to bath chambers for contractile recordings. For this purpose, the tissues were mounted while considering the longitudinal orientation of the smooth muscle layers.
Experimental set-up
Bath chambers (5 ml) were used to simulate physiological conditions and maintain the viability of the experimental tissues. Each bath chamber was filled with Tyrode solution that was continuously aerated with a mixture of 5% CO 2 in 95% O 2 . The tissues were tied with inextensible cotton thread, with one extremity attached to a fixed pin in the bath chamber and the other extremity attached to a force transducer (MLT0201; AD Instruments, Bella Vista, NSW, Australia) coupled to a data acquisition system (PowerLab 8/30; AD Instruments). The basal tension that was applied to the tissues was 1 g. The tissues were initially maintained in these conditions for 60 min, followed by the renewal of Tyrode solution and tension adjustments at 15 min intervals.
Experimental protocols
To evaluate the influence of pH on smooth muscle responsiveness, all gastric fundus strips and duodenal preparations were initially maintained in Tyrode solution, with the pH adjusted to 7.4 during the initial 60 min period. Afterwards, one group of the tissue preparations was maintained in Tyrode solution at pH 6.0, and another group was maintained in Tyrode solution at pH 7.4. The pH was adjusted by the addition of HCl to the superfusate to obtain the desired pH. Some of the experiments were conducted with isolated preparations that were maintained at resting tonus . To obtain contractile responses, the isolated tissues were exposed to appropriate concentrations of KCl, carbachol or 5-hydroxytryptamine (5-HT) to generate concentration-effect curves. Other experiments were conducted with isolated preparations that were previously contracted with a given concentration of a contractile agent (Figs 4B and D and 5) , and appropriate concentrations of a given inhibitor were added to the extracellular solution to evaluate responsiveness to the relaxant stimuli. Some of the preparations were maintained in Ca 2+ -free medium (Figs 2-4), and a given contractile agent was added. Afterwards, CaCl 2 (Figs 3A-E and 4A and C) or BaCl 2 (Fig. 3F ) was added at appropriate concentrations to stimulate more specifically contractile responses that were induced through a given signalling pathway. Additional details of the experimental protocols are provided in the Results section.
Solutions and drugs
The experiments were conducted in modified Tyrode solution. Nominally Ca 2+ -free solution was prepared by omitting CaCl 2 . Carbachol (PubChem CID, 5831), 5-HT (PubChem CID, 160436), verapamil (PubChem CID, 92969), thapsigargin (PubChem CID, 446378), SKF-96365 (PubChem CID, 104955), Y-27632 (PubChem CID, 9901617) and U-73122 (PubChem CID, 71308669) were purchased from Sigma (St Louis, MO, USA). The drugs were prepared at high concentrations according to the instructions of the supplier. At the time of the experiments, they were dissolved directly in Tyrode solution to obtain the desired concentrations and sonicated immediately before use. Concentration-effect relationships were determined by the cumulative addition of a given contractile or relaxant compound to the bath chamber, except where a non-cumulative addition was indicated appropriately.
Statistical analysis
All of the data are expressed as means ± SD. The data are expressed as a percentage of the maximal tension that was produced during the initial KCl challenge. Each subgroup consisted of six to eight rats. Differences in contraction values were assessed by two-way ANOVA, followed by Bonferroni's test. Values of P < 0.05 were considered statistically significant. The individual results represented in the figures are available in Data S1.
Results
Effects of extracellular pH on contractile responsiveness to carbachol, KCl and 5-HT in isolated strips of rat gastric fundus and duodenum Figure 1 shows the concentration-effect curves for the responsiveness to carbachol in isolated strips of rat gastric fundus (0.01-100 μM; Fig. 1A ) and duodenum (0.01-10 μM; Fig. 1B) . The experiments were conducted with preparations that were maintained at an extracellular pH of 7.4 or 6.0. We observed no changes between pH 6.0 and 7.4 in the concentration-effect curves for the responsiveness to carbachol in the duodenum (Fig. 1D) . Gastric preparations exhibited a significant reduction of the maximal effect of carbachol from 212.9 ± 52.0% at pH 7.4 (n = 20) to 148.1 ± 56.1% at pH < 6.0 (n = 20; P < 0.05, Bonferroni's test; Fig. 1C ). When the preparations of the gastric fundus or duodenum were stimulated to contract with a depolarizing stimulus (i.e. increasing KCl concentrations from 10 to 120 mM; Fig. 1E ), no difference in the profile of the concentration-effect curve was observed after pH acidification (P > 0.05, two-way ANOVA). Figure 1F shows that the responsiveness of gastric fundus strips to 5-HT also decreased at an extracellular pH of 6.0 compared with pH 7.4 (P < 0.05, Bonferroni's test). Considering that the duodenal strips were refractory to pH acidification, additional experiments were conducted using only gastric fundus strips. . For all of the experiments, a reference contraction that was induced by 60 mM KCl is provided. C and D, concentration-effect curves with mean values of contractions induced by CCh in gastric fundus and duodenum, respectively. E and F, mean values of contractions induced in gastric fundus strips in response to KCl (10-120 mM; E) and 5-HT (0.001-100 μM; F). * P < 0.05 versus respective value at pH 7.4 (two-way ANOVA followed by Bonferroni's test).
was applied to smooth muscle preparations. Each carbachol-induced stimulus resulted in a transient contraction, the magnitude of which was measured (Fig. 2) . At the first stimulation at pH 7.4, the transient contraction corresponded to 79.3 ± 78.9% (n = 22) of the reference contraction that was induced by 60 mM KCl in Ca 2+ -containing medium and declined to 13.3 ± 27.4% (n = 22) at the fifth stimulation with carbachol. The profile of this decline in the transient contractile response did not change in gastric fundus preparations that were maintained at pH 6.0 compared with pH 7.4 (P > 0.05, two-way ANOVA).
Influence of pH on rat gastric fundus contractions in response to the extracellular recruitment of Ca
2+ through voltage-operated and non-voltage-operated pathways
To evaluate the extracellular recruitment of Ca 2+ by a depolarizing pathway or by an agonist that activates a G protein-coupled receptor pathway, gastric fundus preparations were maintained in Ca 2+ -free medium for 5 min and then stimulated to contract with either KCl (60 mM; Fig. 3A) or the cholinergic muscarinic receptor agonist carbachol (30 μM; Yule & Williams, 1992) . The experiments with carbachol were performed in the presence of 10 μM verapamil to block any Ca 2+ entry through voltage-gated Ca 2+ channels secondary to the muscarinic stimulus (Fig. 3B) . In Ca 2+ -free conditions, no sustained contraction in response to KCl or carbachol was observed until the addition of increasing concentrations of CaCl 2 (0.1-10 mM), which contracted the preparations in a concentration-dependent manner (P < 0.001, ANOVA). Preparations that were stimulated with KCl exhibited no differences in the magnitude of the concentration-effect curve in response to Ca 2+ at pH 7.4 or 6.0 (P > 0.05, two-way ANOVA; Fig. 3C ). At pH 7.4, positive control experiments showed that verapamil (10 μM) fully inhibited the contractile effects of the addition of CaCl 2 (0.1-10 mM) in KCl-stimulated tissues (Fig. 3C) .
In contrast, verapamil did not inhibit contractions that were induced by Ca 2+ in preparations that were stimulated with carbachol (30 μM; Fig. 3D ). Carbachol-stimulated preparations contracted in a concentration-dependent manner after the addition of increasing concentrations of CaCl 2 (0.1-10 mM; P < 0.001, ANOVA). A decrease in extracellular pH from 7.4 to 6.0 significantly decreased the magnitude of contractions that were elicited by 2 and 5 mM Ca 2+ (P < 0.05, Bonferroni's test; Fig. 3D ). In a separate series of experiments in Ca 2+ -free conditions, gastric fundus strips were exposed to 30 μM carbachol and then stimulated to contract by the addition of increasing concentrations of BaCl 2 (0.1-10 mM), which produced concentration-dependent contractions (P < 0.001, ANOVA; Fig. 3E ). Similar to the experiments that used KCl and CaCl 2 as contractile stimuli (Fig. 3C) , pretreatment with 10 μM verapamil abolished the contractile effect of the subsequent addition of BaCl 2 in carbachol-stimulated preparations (Fig. 3F) .
Extracellular acidosis decreased contractions that were induced by Ca
2+ influx through store-operated
Ca
2+ entry
Gastric fundus preparations were repeatedly stimulated with carbachol as described above. After the fifth cholinergic stimulation, the progressive reduction of the magnitude of carbachol-elicited contractions appeared to result from the depletion of Ca 2+ stores. The non-competitive sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) inhibitor thapsigargin (1 μM; Thomas et al. 1999 ) was added to the Ca 2+ -free medium. After the removal of carbachol from the extracellular medium and while still in the presence of thapsigargin, increasing concentrations of CaCl 2 (0.1-10 mM) were added to the bath solution, which promptly produced concentration-dependent contractions (Fig. 4A) , with a maximal effect at 10 mM and pH 7.4 (140.3 ± 45.2%, n = 15; Fig. 4C ). At pH 6.0, maximal contractions (139.9 ± 70.5%, n = 15) did not differ from those at pH 7.4, but a significant decrease in the magnitude of contractions was observed at CaCl 2 concentrations <10 mM (P < 0.05, Bonferroni's test; Fig. 4C ).
In another series of experiments, gastric fundus preparations were subjected to internal Ca 2+ store depletion by stimulation with 10 μM carbachol in Ca 2+ -free medium and the subsequent addition of 1 μM thapsigargin. After the removal of carbachol from the extracellular medium, a single concentration of CaCl 2 (5 mM) induced a sustained contraction (Fig. 4B) . At the steady state of contraction, the addition of increasing concentrations of SKF-96365 (3-50 μM) induced partial relaxation of the smooth muscle preparations that were maintained at pH 7.4, and the magnitude of the contraction was maximally reduced to 75.0 ± 33.9% (n = 7) of the control value at 50 μM SKF-96365. This relaxant effect of SKF-96365 did not differ when the preparations were maintained at pH 7.4 and 6.0 (P > 0.05, Bonferroni's test).
Influence of pH on the relaxant effects of Y-27632 or U-73122 in rat gastric fundus strips contracted with carbachol
We evaluated the influence of pH on the relaxant effects of the phospholipase C inhibitor U-73122 ( Fig. 5A ; Yule & Williams, 1992) and the cell-permeable, highly potent and selective inhibitor of Rho protein kinase (ROCK) Y-27632 ( Fig. 5B ; Fu et al. 1998) . Previous studies showed that these inhibitors suppressed the effects of carbachol in gastric fundus smooth muscle (Perrino, 2016) . To evaluate the D. M. N. de Oliveira and others effect of acidosis on the recruitment of phospholipase C and ROCK, preparations at a steady state of contraction that was induced by carbachol (1 μM) were exposed to increasing concentrations of U-73122 (0.1-30 μM) or Y-27632 (1-20 μM). At pH 7.4, 20 μM Y-27632 reduced carbachol-induced contractions to 49.7 ± 21.8% (n = 6; Fig. 5D ), which did not significantly differ from contractions at pH 6.0 (51.3 ± 27.2%, n = 5; P > 0.05, ANOVA). In contrast, U-73122 produced relaxant responses that were significantly higher at pH 7.4 (75.9 ± 40.7%; n = 9) than at pH 6.0 (38.9 ± 16.9%; n = 10; P < 0.05, Bonferroni's test; Fig. 5C ). 
Discussion
The present study evaluated the effects of extracellular acidification (i.e. reduction of pH from 7.4 to 6.0) on contractions in isolated rat gastrointestinal preparations. As previously reported in exercised rats (Silva et al. 2014) , in the present study we found that strips that were isolated from the gastric fundus had lower responsiveness to carbachol when they were maintained in an extracellular medium at pH 6.0 compared with 7.4. This phenomenon was absent in duodenal tissues, which is consistent with Silva et al. (2014) and suggests that the contractility of the duodenum is less susceptible to acidosis than gastric 
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smooth muscle cells. In pigs, acidosis increased fundic tone and decreased the amplitude of pyloric contractions, but acidosis did not affect duodenal basal tonus (Tournadre et al. 2000) . Lower responsiveness to 5-HT was also observed in gastric fundus strips. Contractile stimulation with the depolarizing agent KCl remained unchanged in gastric strips after extracellular acidification. A reasonable speculation is that acidosis selectively interfered with the G protein-coupled receptor pathway but not with excitation-contraction coupling that was induced through a depolarizing pathway in gastric smooth muscle cells.
To determine the mechanism of the reduction of contractility in gastric fundus, we conducted the majority of the experiments using carbachol as the contractile agent. Similar to 5-HT, this cholinergic agonist interacts with G protein-coupled receptors to produce contractile effects through the stimulation of M 3 /M 2 muscarinic receptors in gastrointestinal tissues (Stengel et al. 2002) (Floyd & Wray, 2007) . The higher concentrations of Ca 2+ in the cytosol increase Ca 2+ -bound calmodulin, thus allowing the activation of myosin light chain kinase and subsequent phosphorylation of the 20 kDa regulatory myosin light chain. Finally, myosin ATPase activity and thus cross-bridge cycling and contractions occur (Somlyo & Somlyo, 1994) .
The carbachol-induced increase in intracellular Ca 2+ concentrations and subsequent smooth muscle cell contractions derive in part from the ability of muscarinic cholinergic receptors to release Ca 2+ from internal stores in the sarcoplasmic reticulum (Berridge, 2008) . In response to carbachol-induced muscarinic receptor activation, G q/11 proteins are recruited, phospholipase C is activated, and the membrane turnover of inositol phospholipids is stimulated, thus generating inositol trisphosphate (IP 3 ; Taylor & Laude, 2002) . This second messenger IP 3 releases an internal pool of Ca 2+ by interacting with its own receptors that are expressed in the membrane of the sarcoplasmic reticulum (Berridge, 2016) . Contractions that are induced through this mechanism are transient and can occur even in the absence of extracellular Ca 2+ (Ohta et al. 1991) . In the present study, our experiments were performed in Ca 2+ -free medium in an effort to elicit transient carbachol-induced contractions. Additionally, the magnitude of transient contractions after a series of five consecutive stimulations with carbachol in Ca 2+ -free medium gradually decreased and reached a minimum at the fifth stimulation. These findings suggest the involvement of IP 3 -releasable Ca 2+ pools in such contractions. Notably, the magnitudes of these transient contractions were not different between tissues that were exposed or not exposed to extracellular acidification. Supporting the possibility that the contractions that were induced by a depolarizing stimulus were refractory to acidification of the extracellular medium, gastric fundus preparations were maintained in Ca 2+ -free medium and stimulated with a depolarizing solution that contained 60 mM KCl. This stimulus initially failed to induce sustained contractions, but contractions were subsequently triggered by increasing concentrations of CaCl 2 in the bath solution. 2+ entrance to the intracellular medium is allowed down its own electrochemical gradient to induce smooth muscle contraction (Catterall, 2011) . Positive control experiments revealed that the L-type Ca 2+ channel blocker verapamil (Sanagi et al. 1992) abolished contractions that were induced by the addition of Ca 2+ in KCl-stimulated preparations, thus confirming the involvement of voltage-gated events in these experimental findings. We found that this mechanism of contractions was not influenced by changes in extracellular pH from 7.4 to 6.0.
In contrast, Ca 2+ -induced contractions in carbacholstimulated preparations were resistant to verapamil at the same concentration at which it fully inhibited contractions in KCl-stimulated gastric fundus strips. A previous study found that carbachol-induced contractions were only slightly inhibited in rat stomach fundus by L-type Ca 2+ channel blockers (Sanagi et al. 1992) . We used Ba 2+ as a Ca 2+ substitute in carbachol-stimulated gastric fundus strips, and a full verapamil-dependent contractile response was observed. Xu et al. (1996) reported that Ba 2+ was permeable through L-type Ca 2+ channels in gastric myocytes from guinea-pigs. The present findings suggest that verapamil-insensitive carbachol-induced contractions resulted from Ca 2+ influx through non-voltage-gated Ca 2+ channels (i.e. through pharmacomechanical coupling; Karaki et al. 1991) . The concentration-effect curve of the response to Ca 2+ in carbachol-stimulated strips at pH 6.0 had a smaller magnitude compared with pH 7.4. A reasonable possibility is that extracellular acidification selectively inhibited the ability of muscarinic cholinergic receptors to recruit Ca 2+ channels that are not gated by voltage.
We investigated contractions that are mediated by store-gated mechanisms using gastric fundus strips that were subjected to a series of five consecutive stimulations with carbachol in Ca 2+ -free medium. When the gastric fundus strips were almost completely emptied of their internal Ca 2+ stores after repeated challenges with carbachol in Ca 2+ -free conditions, the tissues were treated with the SERCA inhibitor thapsigargin (Fu et al. 1998) while still in Ca 2+ -free conditions. Carbachol was then removed from the extracellular medium, and the subsequent addition of increasing concentrations of CaCl 2 resulted in smooth muscle contractions. According to Putney (1986) , such contractions putatively result from capacitative Ca 2+ entry across the plasma membrane in response to Ca 2+ store depletion with prolonged agonist exposure. The comparison of these contractile events in different pH conditions revealed a clear shift to the right of the concentration-effect curve that resulted from restoration of extracellular Ca 2+ . Preparations that were exposed to pH 6.0 were less responsive than their respective controls that were exposed to pH 7.4. However, when the store-operated Ca 2+ entry inhibitor SKF-96365 (Merritt et al. 1990 ) was applied to Ca 2+ store-depleted and thapsigargin-treated gastric fundus preparations that were contracted by Ca 2+ , its relaxant effects were not different between preparations that were maintained at pH 7.4 and 6.0. The store-operated Ca 2+ channels that were involved in these contractile responses were susceptible to the inhibition of store-operated Ca 2+ entry, suggesting that the ability of muscarinic cholinergic receptors to recruit store-gated Ca 2+ channels was decreased at pH 6.0. In a separate series of experiments, gastric fundus preparations that were contracted with carbachol were treated with the RhoA kinase blocker Y-27362 in similar conditions (Fu et al. 1998) or the phospholipase C inhibitor U-73122 (Yule & Williams, 1992) . Both treatments exerted relaxant effects on carbachol-induced contractions in gastric strips. The effects of Y-27362 were unaltered by changes in extracellular pH. This is consistent with our results showing that KCl-induced contractions were refractory to extracellular acidification. Rho and Rho-associated kinase appear to be involved in KCl-induced signal transduction in gastric smooth muscle cells (Ratz et al. 2002) . Moreover, the phospholipase C inhibitor U-73122 relaxed carbachol-induced contractions with greater efficacy in preparations that were maintained at pH 7.4 compared with pH 6.0. In conditions of extracellular acidosis, muscarinic cholinergic receptors appear to recruit phospholipase C-induced non-voltage-gated Ca 2+ channel activation to a lesser extent.
Conclusion
We found that pharmacomechanical stimulation that is induced by cholinergic signalling though muscarinic receptors is affected by extracellular acidosis in isolated preparations of rat gastric fundus. This phenomenon putatively corroborates the delay in gastric emptying that is seen after acute exercise in rats (i.e. a condition that causes lactate-derived extracellular acidification; Silva et al. 2014) . We hypothesize that acidosis may selectively interfere with the G q/11 proteinphospholipase C signalling cascade, whereas signalling pathways that recruit voltage-operated Ca 2+ channels remain functionally preserved.
